AMoRE (Advanced Mo-based Rare process Experiment) is an experiment to search a neutrinoless doublebeta decay of 100 Mo in molybdate crystals. The neutron and muon-induced backgrounds are crucial to obtain the zero-background level (<10 −5 counts/(keV·kg·yr)) for the AMoRE-II experiment, which is the second phase of the AMoRE project, planned to run at YEMI underground laboratory. To evaluate the effects of neutron and muon-induced backgrounds, we performed Geant4 Monte Carlo simulations and studied a shielding strategy for the AMORE-II experiment. Neutron-induced backgrounds were also included in the study. In this paper, we estimated the background level in the presence of possible shielding structures, which meet the background requirement for the AMoRE-II experiment.
Introduction
AMoRE (Advanced Mo-based Rare Process Experiment) [1] is an experiment to search for neutrinoless double-beta decays of 100 Mo nuclei by using scintillating molybdate crystals, operating at milli-Kelvin temperatures.
The second phase of the AMoRE project (AMoRE-II) is being planned to operate at the YEMI underground laboratory (YEMI), located at Handuk, an active iron mine in the region of Mt. Yemi, South Korea [2] . The AMoRE-II experiment will use a ∼200 kg array of CMO crystals with the aim of achieving the zero-background level of <10 −5 counts/(keV·kg·yr) (ckky) in the region of interest (ROI), 3.034±0.01 MeV [3] .
Therefore, it is important to precisely understand the effects of neutron and muon-induced backgrounds on underground experiments of rare events. Neutrons are generated by the natural radioactivity of materials in underground environment or induced by cosmic-ray muons, as well as their secondaries. Gamma rays are produced by neutrons and muons by (n, n γ), (n, γ), and bremsstrahlung processes. The electrons, positrons, and gamma rays produced when muons lose their energy by ionization and radiation, initiate an electromagnetic shower. This shower generates more gamma rays through bremsstrahlung.
In this paper, we quantitatively studied the effects of these background sources on the AMoRE underground experiment by performing Geant4 Monte Carlo simulations. The text is structured as follows: Section 2 illustrates the detector geometry used for the AMoRE-II simulation. In Section 3, we simulate the cosmic-muon and muon-induced background to study their effects on the background level, using the Muon Veto system in two different shielding configurations. Neutron-induced backgrounds were also included in the study. Section 4 describes the simulation results used to quantify the effects of neutron backgrounds, from underground environment, by considering the shielding configurations. Finally, in Section 5, we conclude that the aimed background level could be achieved with the optimal shielding design for AMoRE-II experiment. 
Geant4 simulation
For the background studies, we have performed simulations with the Geant4 Toolkit [4] . We simulated both muons and neutrons using the Geant4 version 4.9.6.p04, in which we implemented the AMoRE-specific physics list. The list was customized for improving the speed and precision of the hadron simulations, over a wide energy range from a few eV to a few hundreds of GeV. It should be highlighted that we also performed the same muon simulations using the higher Geant4 version (10.04.p02) and little difference was found between them. We adopted the QGSP − BERT − HP reference physics list, which is the appropriate one for high-energy physics simulations (above 10 GeV). The precision of the neutron model was also implemented in the physics list for neutrons with energies below 20 MeV. In addition, we used a fullelastic-scattering dataset for thermal neutrons with energies below 4 eV in order to precisely examine the shielding effect.
When a hit occurs, each simulated event included energy depositions in the crystals within a 100-ms event window, which is a few times the typical pulse width (∼20-30 ms) in cryogenic measurements [5] .
2.1. The AMoRE-II detector geometry Fig. 1(a) shows the simplified detector geometry that was used for this study. It includes 370 CMO crystals enclosed by, from the inside outward, a 2-mm-thick magnetic shielding layer of superconducting lead, four copper shielding layers with total thickness of 10 mm, and a 5-mm-thick stainlesssteel layer of the cryostat. The 370 crystals are arranged in thirty-seven columns, each with ten crystals stacked coaxially, as shown in Fig. 1(b) . A 1-cm-thick copper plate and a 10-cm-thick lead plate are located above the CMO crystal array, inside the innermost Cu shield (50 mK Chamber). Each crystal has a cylindrical shape with 6 cm of diameter, 6 cm of height, and mass of 538 g, resulting in a total mass of 199 kg for all the 370 crystals. Each crystal is covered by a 65 µm-thick Vikuiti Enhanced Specular Reflector film [6] and is mounted in a copper frame. A crystal assembly is shown in Fig. 1(c) .
Cosmic muon and muon-induced background
To quantify the effects of all backgrounds not only from muons but also from the secondary ones induced by muons, traveling through the rocky cavern, the shield, and detector materials, we performed Geant4 Monte Carlo simulations by brute force, starting with muons from the rocks surrounding the cavern. The details of the simulations are described in Sects. 3.1 and 3.2.
Muon energy spectrum at YEMI underground laboratory
The AMoRE-II experiment is the second phase of the AMoRE project planned to run at YEMI underground laboratory (YEMI), located at the Handuk mine, an active iron mine in the region of Mt. Yemi, South Korea. In order to obtain the muon's energy spectrum and the angular distribution at YEMI, we firstly used the sea-level muon flux, parameterized by the modified Gaisser's formula (Sec. 3.1.1). Secondly, we estimated how much energy the muon loses when propagating through the mountain, and the resultant muon energy spectrum to be detected underground, by considering the digitized contour map of the Mt. Yemi area and the parameterized average loss of muon energy within matter (Sec. 3.1.2).
Modified Gaisser parameterization
It is well known that muon flux at sea level is described by the modified Gaisser parameterization [7] ,
, where P 1 = 0.102573, P 2 = -0.068287, P 3 = 0.958633, P 4 = 0.0407253, and P 5 = 0.817285. We applied modifications of the parameters A, r c , andẼ for low-energy muons (E ≤ 100/ cos θ * ), as suggested in Ref. [7] , which are limited in the standard Gaisser parameterization [8, 9] . We also took the curvature of the earth into account by using cos θ * , describing the muon flux for the full range of zenith angles. We generated muon events based on Eq. (1) with the adequate modified parameters for both high-and low-energy muons.
YEMI underground laboratory
YEMI has a vertical overburdened rock of 1100 meter in the region of Mt. Yemi. A 3-dimensional profile of the mountain area is shown in Fig. 2(a) , generated by using a digitized contour map of Mt. Yemi area, from Korea Geodetic Datum 2002, based on ITRF2000 [10] . Hence, muons generated at sea level by Eq. (1) lose their energy when propagating through the mountain. We used the formula in Eq. (3) for the average energy loss of a muon traveling a distance X inside the matter, which is parameterized with Eq. (4). The details of the calculation are reported in reference [11] .
where,
We used the following coefficients for the average energy loss in standard rock: A 0 = 1.925 MeV, A 1 = 0.252 cm 2 /g, and (B 0 = 0.358, B 1 = 1.711, and B 2 = -0.17), given in the unit of 10 −6 cm 2 /g. In this way, we calculated the energy lost by the muon with a path length that starts at the point where the muon track intersects the mountain. We assumed that the muon travels in the same direction of its incidence onto the mountain until it reaches the underground laboratory. Accordingly, we obtained the muon energy and the angular distributions at the YEMI underground laboratory and the results are shown in Fig. 2 
(b),(c).
The muon flux at the YEMI underground laboratory is considered as 8.6×10
−8 muons/cm 2 /s, which is approximated by using the flux of 328±1(stat)±10(syst) muons/m 2 /day, measured at the Yangyang underground laboratory [12] by the COSINE-100 experiment [13] . YEMI is located ∼1.5 times deeper than Y2L and the muon flux at YEMI is found to be 4.6 times lower than that of Y2L based on the simulation.
Brute-force muon simulation
To simulate all the secondary particles induced when the muons interact with rock, the shielding materials, and the detector components, we simulated the underground energy spectrum of the muons, described in Sec. 3.1.2, by generating them in the rock surrounding the cavern. For this bruteforce muon simulation, we added a 3-meter-thick rock shell. We optimized the rock thickness by using neutrons and gamma rays induced as a function of the rock thickness, from a simulation in which muons with an energy of 234 GeV traverse the rock. The schematic view of the simulation is shown in Fig. 3 and one hundred million muons corresponding to a 9-year period were simulated for this study.
Results
We not only analyzed muons but also all the neutrons and gamma rays induced by muon interactions with materials in the rock, in the shield, and in the detector components. We evaluated the shielding effects with two different shielding configurations using the Muon Veto system to estimate background rates quantitatively. The details of the simulation results are given in Sects. 3.2.1, 3.2.2, and 3.2.3.
Muon-induced neutrons and gamma rays at
the boundary between rock and cavern Fig. 4(a) and (b) show the neutron and gamma energy spectra at the rock surface, respectively, produced by the simulation of the muon propagation and its interaction with materials in the rock, as described in Sec. 3.1.3. We also included neutrons backscattered from the rock surface, as well as from the shielding materials surrounding the detector that reenter the cavern, represented by the thick solid line of Fig 4(a) . According to the simulation results, the neutron flux at YEMI is 2.8×10 −9 n/cm 2 /s, for energies above 
Shielding configurations and muon veto sys-
tem There are three main sources of backgrounds in the cavern: muons, muon-induced neutrons, and gamma rays. The neutrons and gamma rays are produced by the muons traversing through the rock, as described in the previous Sections. In order to reject the muons and muon-induced backgrounds from the rock surface, we consider the shield layer around the detector. However, neutrons and gamma rays can also be produced by muon interactions with the shielding materials, as well as with the detector components. Thus, we install a Muon Veto system in addition to the shielding materials.
In this study, we considered two different shielding configurations as shown in Fig. 5 : a 30-cm-thick lead shield ((a), configuration 1) and a 3-meterthick water shield ((b), configuration 2). In the simulation, we installed 5-cm-thick plastic scintillator outside the lead shield as a Muon Veto system for configuration 1. For configuration 2, we can measure the energy deposited in the water by us- ing photomultiplier Tubes (PMTs) installed in the water tank. Using the veto system, we can tag muon events that deposit at least as much energy as a minimum energy threshold, and reject all the backgrounds induced by the muon, as muon-tagged events.
We tested the shielding effects by comparing the neutron and gamma energy spectra at the following boundaries: between the cavern and the plastic scintillator (B1), between the plastic scintillator and the lead (B2), and between the lead/water shields and the air (B3). Fig. 6 shows the neutron and gamma energy spectra at the boundaries B1, B2, and B3 with configuration 1. The black, red, and green colors represent the neutron/gamma energy spectra at B1, B2, and B3, respectively. In the simulation, we included a steel skeleton that supports the veto system and the shield layers, affecting the spectrum at B1.
From the neutron spectrum at B3 of Fig. 6(a) , we found that the neutrons are built up in the lead shield. There is a small reduction in the neutron backgrounds at B1 and at B2 of Fig. 6(a) by the plastic scintillator layer. That occurred because the neutrons produced by the muon interaction in the scintillator were included. To exclude all the muon-induced backgrounds, we vetoed the muon-tagged events and the resulting neutron/gamma backgrounds at several boundaries are shown in Fig. 6(c) and (d) . High-energy neutrons and gamma rays that deposit as much energy as the energy threshold of the veto system, are also re-jected as muon-tagged events. Fig. 6(c) represents the neutrons only from the rock or induced by neutrons in the shielding materials. As shown in the two neutron spectra at B1 and at B2 of Fig. 6(c) , it is found to be effective to shield neutrons for energies below ∼1 MeV with even 5-cm-thick plastic scintillator.
According to the simulation results of gamma rays in Fig. 6(b) , most of the low-energy gamma rays are blocked by the lead shield. However, there is a little reduction for energies above ∼10 MeV, even with a 30-cm-thick lead shield. This occurs because a large amount of gamma rays with a few hundreds of keV, to a few hundreds of MeV energy, is formed at B3 (green dashed line). These rays are produced in the lead shield due to the bremsstrahlung process, which causes muoninduced electromagnetic showers, tagged by the Muon Veto system, and accordingly rejected as muon-tagged events. The green dashed line of Fig. 6 (d) represents gamma energy spectrum at B3 after vetoing muon-tagged events. As a result, the gamma background inside the lead shield, originated at the rock or induced by neutrons in the shielding materials, is found to be negligible in configuration 1. Fig. 7 shows the energy spectrum deposited in a single CaMoO 4 crystal in configuration 1, called as single-hit events, when considering the neutron flux at B3, shown in the green dotted line of Fig. 6(c) , after vetoing the muon-tagged events. We examined how neutrons inside the lead shield make singlehit background events in a crystal. It was found that it occurred via two dominant processes: neutron inelastic scattering (n, n γ) and neutron capture (n, γ). We showed their contributions in two different colors in Fig. 7: (n, n γ) in red and (n, γ) in green.
Neutron-induced background
The γ-rays generated from thermal neutron capture by the (n, γ) process in the stainless-steel and copper shields composing the cryostat and the copper material around crystal detectors, contribute mainly to the high-energy backgrounds for energies above ∼1 MeV. This includes the 3.034 MeV region of interest (ROI). The background events resulting from (n, n γ) process give only a little contribution for the high energies, contributing mainly to the low-energy region, below ∼1 MeV.
Thus, we tested the shielding effect of neutrons that lead to gamma ray backgrounds by the neutron capture process, using a 50-cm-thick polyethylene (PE) shielding layer in the cavern, and its result is shown in the inset of Fig. 7 . We estimated the background rates of singlehit events with and without the PE shield and it resulted in 7.6×10 −7 counts/(keV·kg·yr) and 3.5×10 −6 counts/(keV·kg·yr) in the (2-8) MeV energy region, respectively. Accordingly, we found that the background is reduced to a level ∼5 times lower by adding the 50-cm-thick PE shield in configuration 1. Energy spectra deposited in a single CaMoO 4 crystal in configuration 1. It represents the background contributions by (n, n'γ) in red and by (n, γ) in green. Single-hit energy spectrum with 50-cm-thick polyethylene shielding in the cavern is shown in the inset.
Single-hit background rates
In order to find the thickness of the shielding material that meet the background requirement for the AMoRE-II, <10 −5 counts/(keV·kg·yr), we estimated the single-hit event rate in the (2-8) MeV energy region with several shielding thicknesses in both configurations, 1 and 2: 5, 10, 15, 20, 25, 30, 35, and 40 cm for the lead shield and 100, 150, 200, 250, 300, 350, and 400 cm for the water shield. To understand the shielding effect of neutrons and gamma rays quantitatively, we tested the single-hit background rate for both neutrons and gamma rays. The resultant single-hit background rates as a function of the shield thickness for both configurations are shown in Fig. 8(a) and (b) . In Fig. 8(a) , it is found that even a 10-cm-thick lead shield in configuration 1 is effective to shield gamma rays, reducing them to the level of 10 −6 counts/(keV·kg·yr) (red solid line). It also shows the shielding effect of neutrons with respect to several thicknesses of the lead shield (blue dotted line). The background rate was reduced to the aimed level by adding 50-cm-thick PE shield to the 30-cm-thick lead shield in configuration 1 (blue empty marker). Fig. 8(b) shows the shielding effect of neutrons and gamma rays by the water shield in configuration 2. It is found that even a 100-cm-thick water shield is more effective to shield neutrons. It also shows that the aimed background level can be achieved with 200-cm-thick water shield in configuration 2. In addition, we tested the single-hit rate of muon-tagged events in the (2-4) MeV energy region. The rate was found to be ∼10 −6 counts/(keV·kg·yr) for both shielding configurations with a 30-cm-thick lead and 3-m-thick water shield when the muon tagging efficiency is 99.9%.
Neutron background

Neutron flux at underground laboratory
The neutron background at YEMI underground laboratory is mainly composed of two types of neutrons. The first contribution is neutrons from the experimental environment, such as neutrons from (α, n) natural radioactivity reactions, and neutrons from spontaneous fission of U or Th atoms from the underground environment. The second is neutrons induced by muons. The dominant type of neutrons is the environment neutrons because its level is two or three orders of magnitude higher than the muon-induced neutrons [14] . Therefore, we need to test the effect of backgrounds not only from muoninduced neutrons but also from underground environment neutrons, although we evaluated quantitatively the background level of muon-induced neutrons by configuring shielding layers with the Muon Veto system in Sect. 3.
Shielding effects and results
We simulated neutrons by generating them from the rock surface with flat energy spectra over six different energy ranges:
(1) 0.025 eV (2) 0.5 eV -1 keV (3) 1 keV -10 keV (4) 10 keV -100 keV (5) 100 keV -1 MeV (6) 1 MeV -10 MeV
We used the neutron flux measured by Bonner spheres at Y2L underground laboratory (Y2L) [16] as a reference value, integrated in a large energy bin and measured in the six different energy binning itemized above.
The total flux of neutrons at Y2L was measured twice by the Bonner spheres in 2010 and by 3 H gas detector in 2018. The results of 6.6×10 −5 neutrons/cm 2 /s and 4.3×10 −5 neutrons/cm 2 /s, were found for energies below 10 MeV, respectively.
They are consistent with each other, but they are about 10∼17 times higher than that found by Gran Sasso . We assumed that the neutron flux at YEMI is similar to that of Y2L. Although YEMI is located ∼1.5 times deeper underground than Y2L, the neutron backgrounds for energies below 10 MeV are dominated by neutrons from the (α, n) process.
The simulation results with configuration 1 for the single-hit event rate in the (2-8) MeV energy region at the six energy binnings are shown in red in Fig 9. It shows the single-hit background rates in the level of 10 −3 counts/(keV·kg·yr) for the overall energy range.
We tested the shielding effects of neutrons using a 50-cm-thick PE shielding layer in the cavern and estimated the background rate for single-hit events in the (2-8) MeV energy region, represented in blue in Fig 9. The background rates of the first four energy binnings (up to 100 keV) are reduced to the level of <10 −6 counts/(keV·kg·yr) that is an upper limit at the 90% C.L. with zero-entry [18] . The background rate of the last energy binning of the 1-10 MeV energy interval is found to be about 10 −5 counts/(keV·kg·yr) with the PE. We found that the background level can be reduced by ∼20% with only an additional 4-mm-thick silicone rubber sheet with 24% concentrations of boron carbide inside the PE shield from the simulation.
Conclusion
In this study, we have simulated both the cosmicray muons and the underground environment neutrons, as well as all the secondary particles. We quantitatively tested the effects of the neutron and muon-induced backgrounds by configuring different shielding layers with the active Veto system. We studied the shielding effects with various thicknesses of lead in configuration 1 and found that it is good enough to shield gamma rays with even a 10-cm-thick lead layer for the AMoRE-II experiment. However, an additional 50-cm-thick PE is needed to effectively shield neutrons. The water shield in configuration 2 is found to be more effective than lead for shielding neutrons. Therefore, it is also possible to put a 100-cm-thick water shielding layer in configuration 1, instead of the PE shield, to meet the zero-background requirement for the AMoRE-II project.
